In integrated-light, some color -color diagrams that use optical and near-infrared photometry show surprisingly orthogonal grids as age and metallicity are varied, and they are coming into common usage for estimating the average age and metallicity of spiral galaxies. In this paper we reconstruct these composite grids using simple stellar population models from several groups convolved with exponentially decaying star formation histories. We find that the youngest populations present (t < 2 Gyr) dominate the light, and because of their presence the age-metallicity degeneracy can be partially broken with broad-band colors, unlike older populations. There are several major problems, however. First, since the young populations dominate, it is the (nearly) present-day abundance that is being measured, not the mass-weighted abundance, despite the fact that the grids are usually labeled by mass-weighted ages. Second, there is large scatter among the various models, with substantial zero point and slope offsets such that knowing the abundance or age to 0.2 dex precision appears impossible with present models. The dominant uncertainties arise from convective core overshoot assumptions and the treatment of the thermally pulsing asymptotic giant branch phase, but helium abundance may play a significant role at higher metallicities. Finally, real spiral galaxies are unlikely to have smooth, exponential star formation histories, and burstiness will cause a partial reversion to the single-burst case, which has even larger model-to-model scatter.
INTRODUCTION
Much recent work on age estimation of spiral galaxies has used the surprisingly orthogonal color -color grids that combine optical and near-infrared colors (e.g., Bell & de Jong 2000; MacArthur et al. 2004) . The "surprise" comes from a long list of previous work starting with Worthey (1994) that showed that age effects and metallicity effects in old stellar populations are very similar on colors, i.e. the age-metallicity degeneracy problem. Age and metallicity vectors projected onto colorcolor diagrams from simple stellar populations are not orthogonal, but lie nearly parallel to each other so that age effects and metallicity effects are nigh indistinguishable. For old populations, the null change vector is (d log(age))/(d log (Z)) ≈ 3/2, but younger populations have a slope more like (d log(age))/(d log (Z)) ≈ 1/1. The purpose of this study is to investigate whether the new, seemingly successful method to break the agemetallicity degeneracy is convincingly robust or not. The benefits of near-IR photometry combined with optical photometry have been addressed by many groups and applied to wide variety of stellar systems (e.g., Puzia et al. 2002; MacArthur et al. 2004; James et al. 2006) . The basic claim is that age-sensitive main-sequence turnoffs (MSTO) dominate the visible band while metallicitysensitive giant branches dominate the near-IR, and that the photometric behavior of these two evolutionary regions is sufficiently different to provide diagnostic power in terms of deriving average ages and metallicities.
It is important to note, however, that the orthogonal grids that appear in the literature are not simple stellar population (SSP) models, but composite stellar population (CSP) ones. The CSP models that we study here are different from the SSP ones in that CSP models are made by convolving SSPs with some plausible star formation histories (SFHs). Obviously, SSP models that consist of a single age and a single metallicity are not good representations of the protracted and ongoing star formation history of spiral galaxies.
Before we reconstruct and assess the composite models, however, we investigate the SSP models in detail because they are the building blocks of the composite models. We will compare several different groups' SSP models that have become available lately and look into their similarities and differences. In particular, we examine the robustness of stellar population models at ages younger than 5 Gyr because we notice that these younger ages dominate the behavior of the composite models because of their overwhelming luminosity.
We then adopt an exponentially declining star forma-tion rate (often called a τ model) in order to make composite models. We make note of the relationship between SSP and CSP models and what information flows from the simple to the complex. Other issues, such as alphaelement enhancement, the combination of plausible SFHs over the SSP models to mimic the ongoing star formation in spiral galaxies, different chemical enrichment histories, helium abundance, and possible variations of initial mass function (IMF) as a function of metallicity are briefly addressed.
STELLAR POPULATION MODELS
Many integrated-light models are available for those interested in interpreting galaxy spectra and colors. Since we are starting with the observational studies of Bell & de Jong (2000) and MacArthur et al. (2004) , we certainly must include the stellar evolution upon which the models of Bruzual & Charlot (2003, hereafter BC03) are based because those are the models adopted by MacArthur and Bell to build their diagnostic CSP models assuming an exponentially declining SFH and fixed IMF and abundance. The rather minor impact of adopting different forms of the IMF (e.g., Salpeter 1955; Kroupa 2002; Chabrier 2003 ) is well demonstrated in MacArthur et al. (2004) , so we will not explore IMF variation in any depth, but will stick with a Salpeter (1955) IMF. Besides BC03 models 1 , we will also examine Raimondo et al. (2005) Mouhcine & Lançon (2003, hereafter ML03) 4 . We wish to investigate ages from 100 Myr to 13 Gyr and metallicities from Z = 0.0001 to 0.05. Both HR diagram behavior and SSP photometric models will be examined before we deal with CSP models. Of key interest are the effects from convective core overshooting and from the thermally pulsing asymptotic giant branch (TP-AGB) phase at young population ages (100 Myr to 2 Gyr), so we wish to include a variety of different approaches to these aspects of evolution theory.
To do this, we use photometric models that are direct descendents of an evolutionary population synthesis code that has been developed to study the stellar populations of star clusters and galaxies (Lee, Lee, & Gibson 2002; Lee et al. 2004 ) that includes as its evolutionary basis the Y 2 isochrones (Yi et al. 2001) . However, now that we are extending down to 100 Myr, the Y 2 isochrones are not a good choice for this study because there are no post-RGB stellar models yet for the younger ages. We include therefore the Teramo groups' isochrones, BaSTI 5 (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 ) and the Girardi et al. (2000, hereafter Padova00) isochrones in this study.
To be plain, when we refer to "Teramo" or "Padova00", we refer to those isochrones utilized within the Lee et al. (2004) synthesis code, but "BC03", "SPoT," "ML03," or "M05" refer to those authors' synthesis models.
HR Diagrams
First, we study effects due to convective core overshoot. Stars more massive than ∼1 M ⊙ , depending on the chemical composition, are known to develop a convective core during their hydrogen burning phases as a result of the strong dependence of CNO cycle energy generation on temperature. The convective motion could go beyond the physical Schwarzschild boundary, carried by momentum. In principle, this overshooting phenomenon would make a larger helium core, a brighter luminosity, and a longer lifetime because of the increased fuel supply. The chemical composition of the stars determines the exact transition mass of convective core overshoot (Demarque et al. 2004; VandenBerg, Bergbusch, & Dowler 2006) . Stellar rotation may affect it as well (Deupree 1998 (Deupree , 2000 Meynet & Maeder 2000) . For instance, Girardi et al. (2000) adopts ∼1 M ⊙ as the transition mass independent of chemical composition even though they gradually change overshooting efficiency between the mass range of 1.0 < M < 1.5 M ⊙ . The comparisons of transition mass treatment among several different groups are well described in Gallart, Zoccali, & Aparicio (2005, supplement section, figure 4) . Figure 1 demonstrates the effects due to convective core overshoot from the Teramo isochrones. In this HR diagram stellar isochrones with and without overshooting effects are depicted at ages 0.1, 1, 5, and 13 Gyr at solar metallicity. The isochrones labeled 'sso' are the solarscaled ones with the convective core overshoot and the isochrones labeled 'sss' are the solar-scaled ones without overshooting effects. It is clearly seen in Figure 1 that stars with convective core overshoot (dashed lines) are generally more luminous and show less extended blue loop phases at 100 Myr than stars without this phenomenon. Moreover, Figure 1 shows that overshooting effects are more conspicuous at 1 Gyr than at 100 Myr, especially near the MSTO region in the case of the Teramo isochrones. These dissimilarities will be converted and displayed as color differences in Figures 4 and 5. Another interesting thing to note in Figure 1 is that the first ascending red giant branch (RGB) does not go all the way to log L ≈ 3.2 for the overshooting case at 1 Gyr as marked with a square (see also figure 4 in Yi 2003) .
It is also interesting to find in Figure 1 that the overshooting effects persist even at 5 Gyr for solar metallicity in a minor way. However, overshooting effects should disappear altogether at around 5 Gyr for the metal-poor stars as they become less massive compared to those of solar metallicity at the same age. Pietrinferni et al. (2004) find that, for ages less than ∼4 Gyr, models including overshooting provide a "better match" to the color-magnitude diagrams of star clusters in the Milky Way Galaxy. As stars become less massive, however, they develop radiative cores and the issue of overshooting effect eventually vanishes, so convective overshooting is only important at ages t < 5 Gyr 6 . The TP-AGB phase dominates the light in the nearinfrared at young ages (t < 2 Gyr), even though the number of stars in this phase is small compared with the number of stars in earlier phases. In Figure 1 (and in Fig-ure 2), the TP-AGB phases are depicted with green colors (in the electronic version) as described on the BaSTI website 7 . The TP-AGB phase is the last stage of AGB evolution. The lifetime of AGB stars depends upon their mass and composition, but is of the order of 10 7 years with about 90 % of the time spent on the early-AGB phase, and the rest on the TP-AGB. In general, the AGB stars start to appear ∼ 50 Myr while RGB stars appear around 2 Gyr (c.f., Gallart, Zoccali, & Aparicio 2005; Raimondo et al. 2005; Mucciarelli et al. 2006 ). Therefore, after the preponderance of high mass MS stars disappears, AGB stars dominate the integrated bolometric light until full-fledged RGB stars emerge. After t > 2 Gyr, the RGB tip becomes nearly as bright as the AGB tip but much more numerously populated; by nearly a factor of 10 (Ferraro et al. 2004) .
Because of the well-known core mass -luminosity relation of AGB stars (Paczyński 1971) , it is shown in Figure  1 that the luminosity of TP-AGB stars becomes dimmer as the population becomes older, i.e., the stellar masses decrease. Therefore, as Figure 1 graphically illuminates, the TP-AGB stars are most important at young ages not only because they are brighter with high mass but also because RGB stars do not reach the typical RGB tip luminosity yet since their cores are not degenerate. However, once stars go all the way to the RGB tip and suffer a helium flash as the population ages (as their masses become lighter and their cores become degenerate), it is RGB stars instead of AGB stars that dominate the near-IR flux. Recently, several different groups have investigated this interesting, but complex set of stellar evolutionary phases. Vassiliadis & Wood (1993, hereafter VW93) , for instance, predicted that the bolometric luminosity of the tip of the AGB should remain much brighter than the tip of the RGB. As a matter of fact, the brightest stars in intermediate-age star clusters in LMC and SMC are carbon-rich AGB stars with bolometric magnitudes generally about 1 magnitude brighter in K-band than the tip of the RGB (Mould & Aaronson 1979 Frogel, Persson, & Cohen 1980; Cohen et al. 1981; Marigo, Girardi, & Chiosi 2003; Ferraro et al. 2004) . Because of these carbon-rich AGB stars, the near-IR colors of some intermediate-age star clusters (SWB 8 IV -VI) are much redder than those of older or younger clusters, whereas the optical colors redden more monotonically with cluster age (see Figure 7) .
In order to incorporate these observational facts, BC03, for example, adopted VW93 to extend beyond the early-AGB and took Groenewegen & de Jong (1993) and Groenewegen et al. (1995) for the relative lifetimes of carbon-rich TP-AGB stars. Recently, Marigo, Girardi, & Chiosi (2003) , for the first time, successfully reproduced the 2MASS and DENIS observations of red tail of carbon-AGB stars in the LMC theoretically in the (J − K, K) diagram using variations of molecular opacities. They note that carbon stars are about 1 mag brighter in K-band than oxygen-rich M stars. Historically, it was Blanco, Blanco, & McCarthy (1978) who first found that the number ratio of C/M stars sharply decreases with increasing metallicity from the SMC, to the LMC, to the Galactic Bulge. This is because stars with lower metallicities require fewer thermal pulses to change from O-rich to C-rich stars (Liu, Charlot, & Graham 2000) . According to Marigo, Girardi, & Chiosi (2003) , Padova stellar evolutionary tracks do include the TP-AGB phases, but "all of them fail" to match to the red tail of carbon stars as shown in their figure 2.
Figures 2 and 3 compare isochrones at 100 Myr and at 1 Gyr for 5 metallicities. We show the corresponding integrated versions, the color -color diagrams, in Figures 4 − 6. Figure 2 shows the solar-scaled, standard (no overshooting) Teramo isochrones, while Figure 3 depicts the Padova00 isochrones that adopt overshooting effects as a default. There are subtle differences between Figures 2 and 3 mostly because of different input physics 9 that go into each stellar models. First, at 100 Myr, Padova00 isochrones systematically become redder with increasing metallicity, particularly in the blue loop phases, and this results in the wide range in V − K color of simple stellar population models based upon Padova isochrones, such as BC03 and ML03
10 . Second, compared to the external description of the TP-AGB phases of the BaSTI, we deduce that the Padova00 isochrones do not have the TP-AGB phase at 100 Myr, but at 1 Gyr they go all the way to the TP-AGB luminosity though they seem to fail to depict carbon stars as Marigo, Girardi, & Chiosi (2003) pointed out. It is also worthwhile to reiterate that Padova00 adopts convective core overshooting, and that this makes them, on the whole, brighter than Teramo-sss. Moreover, at 1 Gyr, the RGBs of Padova00 do not go all the way to the tip luminosity because of the overshooting effect as illuminated in Figure 1 .
We note in passing that Post-AGB and blue straggler stars that should affect the UV and B-band are not included in any of these models. Also, binary stars are not considered. The lack should not be critical.
Color -Color Diagrams
Having examined the key uncertainties of stellar models at young ages in the HR diagrams, we now compare SSP models in the color -color diagrams. The (B − V) vs. (V − K) diagrams will be examined first. This is because there are well established observational datasets of star clusters and galaxies in BVK passbands. Later we will switch to the familiar (B − R) vs. (R − K) plots that Bell & de Jong (2000) and MacArthur et al. (2004) presented in their papers. are from Raimondo et al. (2005, their Figure 4 while Figure 5 shows the effect cutting out the TP-AGB phases altogether. In this way, we can see the size of the color shifts arising from the TP-AGB contribution.
The effects due to convective core overshoot are clear in Figures 4 and 5 . They are dominant, as expected, at young ages only, here exemplified at 100 Myr and at 1 Gyr. In particular, the differences due to overshooting are more outstanding at 1 Gyr than 100 Myr as also depicted in the HR diagram in Figure 1 . Moreover, metallicity differences from Z = 0.0003 to Z = 0.004 at 100 Myr give rise to significant color differences in Figure 5 that can also be understood by inspecting the HR diagrams in Figure 2 . Furthermore, it should be noted that at 100 Myr the colors from our computations and from the SPoT (and later even from M05) at solar metallicity are bluer compared to that at Z = 0.008 because the blue loop phase of the Teramo isochrones at solar metallicity is hotter than the Z = 0.008 blue loop. It is also interesting to find that only BC03's 100 Myr models cover a wide range in V − K as a function of metallicity: this later results in the nice orthogonal grids seen in the composite models. By comparing Figures 2 and 3 , it is understood that it is the Padova isochrones that make BC03's wide spread in V − K, especially for metal-rich populations 12 . Comparing Figures 4 and 5, the models lie more closely together in Figure 5 , especially at 100 Myr, indicating that the Teramo isochrones' carbon-rich TP-AGB phases contribute substantial luminosity in the K-band. There are profound color differences in our computations because of convective core overshoot and TP-AGB phenomena, especially at 1 Gyr. At 1 Gyr and solar metallicity, for the Teramo-sss isochrones, the TP-AGB phase makes B − V 0.013 mag redder and V − K 0.614 mag redder. Without considering those TP-AGB phases, as indicated in Figure 5 , the overshooting effects alone make B − V 0.199 mag bluer and V − K 0.727 mag bluer at 1 Gyr and solar metallicity. They are depicted with vectors in Figure 5 . Furthermore, it is important to note that the BC03 models' highest metallicities go very red in V − K compared to other SSPs at 5 and 13 Gyr. This is possibly because BC03's highest metallicity is Z = 0.05 with Y = 0.352 from the Padova94 assumptions while the others employ the Teramo isochrones at Z = 0.04 with Y = 0.303. We will come back to this issue below.
In Figure 6 , BC03 and ML03 models, both based on the Padova 1994 isochrones, are presented. They are compared with our computations using the Padova00 11 Our computations using Teramo-sss isochrones are also plotted at 13 Gyr. Following the discussion above, isochrones with overshooting will be identical at these ages.
12 Please keep in mind that BC03's highest metallicity is Z = 0.05 compared to Padova00's Z = 0.03 that we see in Figure 3 .
isochrones that appeared in Figure 3 . BC03 and ML03 are fairly similar at 100 Myr and at 5 and 13 Gyr (for ML03, 6 and 12 Gyr as given in their electronic table), but show some (0.2 ∼ 0.3 mag) differences in V − K at 1 Gyr 13 . Our computations, in general, agree with both BC03 and ML03 except at the highest metallicity probably because of different metallicities (Z = 0.05 with Y = 0.352 of Padova 1994 vs. Z = 0.03 with Y = 0.300 of Padova 2000). It is most important to note that at 100 Myr, the wide range of metallicities merely generates small variations, less than 0.2 mag, in B − V. This is understood from Figure 3 that the hot upper main-sequence stars counterbalance the relatively cool blue loop phase stars to make a conspiratorily narrow range in integrated B − V color.
BC03 models are compared with M05 models in Figure  7 along with some observational data. We will defer the description of observational data to the next section and will merely contrast the model differences here. Solid lines with big open squares are from BC03 while those with crosses are from M05. To guide the eye, solar metallicities are marked with filled and thicker symbols at four ages: 0.1, 1, 5, and 13 Gyr. At 100 Myr, M05 models are only given for four metallicities at the M05 website, i.e., Table 1 of M05). In addition, M05 implemented 3.5Z ⊙ metallicity Padova stellar models in order to extend the metallicity range. Moreover, we adopt those M05 SSP models that have a blue horizontal branch at the two lowest metallicities. It is intriguing to note that the most serious differences between two models are manifested at 1 Gyr, to a degree similar to (but more significantly discrepant than) what we have seen from the model comparisons in Figures 4 − 6. This is presumably because of different description of both the convective core overshoot and the TP-AGB treatment in their stellar population models .
We have also investigated the effects from α-element enhancement using the most recent Teramo isochrones (Pietrinferni et al. 2006) provided at the BaSTI website and find that they are mostly unnoticeable, causing negligible differences compared to that from the overshooting and the TP-AGB, i.e., less than 0.05 mag in B − V and less than 0.1 mag in V − K.
COMPARISON OF MODELS WITH OBSERVATIONS
Having discussed the theoretical uncertainties in stellar models and their ramification onto the SSP models, we now present the comparison between theoretical models and observational data. In Figure 7 , observational data of LMC, Milky Way, and M31 star clusters and of elliptical galaxies are overlaid with the widely-used BC03 and M05 models in the (B − V) vs.
First of all, we will focus on the LMC star clusters, which have a mean metallicity of Z ∼ 0.008 (Olszewski et al. 1991) . According to Frogel, Mould, & Blanco (1990) , the SWB type V star clusters in the LMC have bright AGBs with carbon stars (see also Mucciarelli et al. 2006 for recent near-IR CMDs). Indeed, the V − K colors of some of these LMC SWB type V star clusters (solar symbols in Figure  7 ) are redder than the average trend. In Figure 7 , it appears that the BC03 models better cover the wide V − K range of the LMC star clusters with SWB types I -III. However, young LMC star clusters should all have metallicities around Z = 0.008. The observational scatter in V − K color of LMC SWB types I -III star clusters should be understood by some other mechanism, such as stochastic effects (Santos & Frogel 1997 ), but certainly not by metallicity (also see Goudfrooij et al. 2006 ).
Both models trace Milky Way globular clusters (big red circles) and M31 globular clusters (big blue squares) reasonably well although the model B − V colors tend to be ∼0.05 mag redder in the metal-poor and intermediate metallicity regime probably because of an inappropriate horizontal-branch description (see figure 3 of Lee et al. 2002) . The M31 globular cluster with reddest color is V29 according to Table 3B of Burstein et al. (1984) although this datum is uncertain (see also Barmby et al. 2000) . Elliptical galaxies (black diamonds) are redder than most of the Milky Way and M31 globular clusters both in B − V and V − K colors, presumably due to their high metallicities and old ages (Lee & Worthey 2005) . Now in Figure 8 , we switch from the (B − V), (V − K) diagram to the (B − R), (R − K) one as Bell & de Jong (2000) and MacArthur et al. (2004) presented their spiral galaxy data in these colors. Figure 9 are shown as big filled squares connected by a thick line (the 7 average ages in Figure 9 ) to compare SSP and CSP models. According to figure  11 of MacArthur et al. (2004) , spiral galaxies with high rotational velocity mostly swarm around this thick line.
RESULTS & DISCUSSION
Composite stellar population models from three different groups are shown in Figure 9 . We have generated each model grid using identical, exponentially-declining star formation histories. The average age by which they are labeled is a mass-weighted average age. For example, a constant star formation rate over 13 Gyr yields an average age of 6.5 Gyr. If weights by luminosity rather than mass, one arrives at much younger ages. For comparison, we list V-and K-band luminosity-weighted ages at solar metallicity for BC03 models along with the τ and mass-weighted ages in Table 1 . Our mass-weighted age is actually the < A > cutof f that appeared in the third column of Table 1 . This is because we have considered the most recent star formation to be truncated at 100 Myr in this study. In Table 1 , the luminosity-weighted ages are indeed much younger than the mass-weighted ages because young stellar components dominate the light in the composite populations, as can be seen from Figure 8 when SSP ages are compared to the CSP ages.
The models depicted in Figure 9 are clearly different, although they overlap at solar metallicity. The differences arise from the original dissimilarities of simple stellar populations, and in fact the averaging process smooths over many of the angularities present in the SSP grids to yield something more regular for the τ model CSPs. It is also worthwhile to note that these composite grids are built at fixed metallicity, with no chemical evolution. The CSP models, however, clearly reflect the SSP ones especially that of the very young components that become the dominant ones when the average age, <A> becomes younger, i.e., as the recent star formation becomes important. In case of M05 CSP models, the iso-metallicity lines of Z = 0.01 and 0.02 even cross over reflecting their corresponding predictions of SSP models at 100 Myr and at 1 Gyr. The SPoT's CSP grids are much more compact in R − K colors compared to that of BC03 both at the metal-poor and at the metal-rich side also revealing their original SSP models.
We have used the same symbols for similar metallicities in Figure 9 in order to make the comparisons easy. The three highest metallicities are almost the same: the highest metallicity in BC03 is Z = 0.05 with Y = 0.352 while the two other are Z = 0.04 with Y = 0.303 (SPoT), and 0.340 (M05). The thick lines in Figure 9 are solar isometallicity lines for each CSP models. We hope that the fact that different models become similar at this rather critical metallicity is a robust result, and not a coincidence.
Notwithstanding the incorporation of star formation history using the exponentially declining τ models, Figure 9 is still far from a realistic description of stellar populations of spiral galaxies. This is because even models like in Figure 9 do not yet include any form of chemical evolution at all because they are built at fixed metallicity. In Figure 10 , we experiment with one very simple but extreme case of chemical enhancement where metallicity is locked to age 14 . These models are marked by big circles in Figure 10 , one for each CSP. In this extreme case, the CSP models with older average ages become considerably bluer in R − K because of their low metallicity when most star formation happens at very early cosmic time. Models with younger average ages, on the other hand, become progressively redder as recent star formation with high metallicity predominantly affects the whole stellar composition. These models are far from the observations of spiral galaxies suggesting that this toy model with a strong age-metallicity relation is incorrect. In support of this conclusion, recent ultra-high-resolution hydrodynamic simulations (Mori & Umemura 2006) suggest that the abundance of heavy elements is already solar after a mere billion years (see also Shapley et al. 2004) .
To summarize our results, the youngest populations in composite stellar population models dominate the light and act to defeat the otherwise universal age-metallicity degeneracy in color -color diagrams that employ optical and near-infrared photometry. But scatter from model to model is large at simple stellar population ages t < 5 Gyr. The dominant uncertainties arise from the convective core overshoot and the TP-AGB phase, but helium abundance may play a significant role at higher metallicities. The various models show notable differences that result in considerably dissimilar composite grids in integrated light. These results suggest that the interpretation of rest-frame near-IR photometry is severely hampered by model uncertainties and therefore that the determination of ages and metallicities of spiral galaxies from optical and near-IR photometry may be harder than previously thought.
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